Background {#Sec1}
==========

Lead halide methylammonium perovskite is an emerging and promising light-harvesting material developed for the fabrication of emerging photovoltaic solar cells (SCs). The power conversion efficiency (PCE) of perovskite solar cells made using lab-scale deposition methods has increased rapidly in a few years exceeding an impressive PCE of 20 % \[[@CR1]--[@CR6]\]. This is due to the excellent optoelectronic properties of perovskites, such as appropriate direct bandgap, high absorption coefficient (low required film thickness), the ability for photon absorption in a wide range of the spectrum, ambi-polarity, efficient carrier transportation, and delivering high open circuit voltage \[[@CR5]\]. An outstanding capability of perovskites is the dual function of light harvesting and hole-electron conducting with a low exciton binding energy. It was systematically proved that the Fermi level of perovskite lies near the conduction band edge, indicating that the perovskite is inherently a weak n-type semiconductor which may show p-type behavior \[[@CR7], [@CR8]\]. Because of the aforementioned features of perovskites, the perovskite solar cell can outperform the polymeric and dye-synthesized solar cells \[[@CR1]--[@CR9]\]. However, issues such as the lifetime, stability, and compatibility with the large-scale and roll-to-roll fabrication processes are yet to be addressed. It is also noted that even in the lab-scale, it is hard to control the reaction between the perovskite reagents, and crystallization mechanism and the morphological characteristics of the perovskite layer \[[@CR10]\]. Below is a brief review of the breakthroughs in the field of perovskite solar cells.

Kojima et al. were the first who reported the application of methylammonium lead iodide perovskite (CH~3~NH~3~PbI) as a sensitizer for mesoporous TiO~2~ film in an electron/hole-selective free solar cell \[[@CR11]\]. The ensuing device demonstrated PCE of 3.8 % but suffered from low stability. By embedding a hole-selective semiconductor in the cell, the PCE was significantly raised with much better stability \[[@CR1], [@CR10], [@CR12]--[@CR14]\]. Application of the mixed-halide perovskites (CH~3~NH~3~PbI~3−*x*~Cl~*x*~), infiltrated into mesoporous TiO~2~ and Al~2~O~3~ layers, resulted in further improvement in PCE and stability of perovskite SCs \[[@CR15]--[@CR19]\]. The mixed-halide perovskites exhibit a rather long diffusion length, which is tunable in different cell architectures \[[@CR15]--[@CR18]\]. The Cl^−^ anions in CH~3~NH~3~PbI~3−*x*~Cl~*x*~ can boost the mobility of excitons and the charge carrier transport \[[@CR16]--[@CR19]\]. In addition to the traditional mesoporous architectures, perovskite solar cells with planar heterojunctions have been proposed to reduce the production costs and difficulties associated with the fabrication of mesoporous layers. In this configuration, the active layer is deposited on a flat substrate (electrode or hole-electron-selective layers) \[[@CR3]--[@CR6], [@CR20]--[@CR23]\]. In the planar structures, the mixed-halide perovskites are preferred because the charge diffusion length of the mixed-halide perovskites can be larger than the depth of the light absorption, which is the film thickness in planar structures \[[@CR18]--[@CR22]\]. Deposition of perovskite thin film on a flat substrate guarantees a higher internal quantum efficiency; however, the lower performance associated with this type of devices compared to mesoporous devices is due to the structural imperfections, such as pinholes, non-homogenous crystal growth, and low coverage associated with planar thin films. The low coverage and non-uniform crystalline network may result in low-resistance shunting paths, reducing the maximum attainable open circuit voltage and fill factor \[[@CR5], [@CR20]--[@CR25]\]. The poor surface coverage causes the incident photons to pass straight through the uncovered areas, decreasing the available photocurrent; also, the excessive shunt paths due to direct contact between the hole-transporting material (HTM) and electron transporting material (ETM) lead to the formation of parallel diodes in the solar cell equivalent circuit \[[@CR5]\]. Due to the above-mentioned problems associated with planar structures, the application of mesostructured perovskite devices would still yield a higher PCE; however, such devices are not easy to commercialize due to the requirement for thermal processing at high temperatures \[[@CR24]\]. Thus, in this work, and in an attempt to pave the pathway for successful commercialization of perovskite solar cells, the inverted planar architecture is adopted combined with spray-coating fabrication method, which is a scalable technique.

Many efforts, such as solvent engineering, chemical tuning, and controlling over crystallization and chemical conversion are being undertaken to improve the performance of inverted and conventional planar perovskite solar cells and to suppress the performance of mesoporous architectures. For instance, Jeng and co-workers developed a donor-acceptor planar SC by growing a thin layer of C~60~ on CH~3~NH~3~PbI~3~ \[[@CR25]\]. The hybrid cell delivered the highest PCE of 3.9 %. Barrows et al. \[[@CR21]\] reported the use of ultrasonic spray coating of CH~3~NH~3~PbI~3−*x*~Cl~*x*~ in a planar structure with organic HTM and ETM. The optimized processing route under ambient conditions yielded a PCE of 11 %. A low temperature processing was adopted by You et al. \[[@CR24]\] to deposit inverted ITO/PEDOT:PSS/CH~3~NH~3~PbI~3−*x*~Cl~*x*~/PCB/Al on a flexible polyethylene terephthalate (PET) substrate, where a PCE of 9.2 % was achieved. In the aforementioned architecture, ITO stands for indium tin oxide, PEDOT:PSS for poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, and PCBM for phenyl-C61-butyric acid methyl ester. Zhou and co-workers \[[@CR17]\] reduced the carrier recombination by solution processing under a controlled humidity and also improved the electron transport channel, using yttrium-doped compact-TiO~2~ as an ETM \[[@CR17]\], where a PCE of 16.6 % was achieved through this combined interface engineering.

The quality and functionality of the perovskite film and the complete device strongly depends on the deposition technique and processing conditions and steps. Several deposition techniques are currently used for the fabrication of perovskite solar cells, including vapor-assisted solution-processed, vapor deposition, and one-step or two-step solution-processed techniques \[[@CR17]--[@CR30]\], while casting and solution-processed methods are prefered. Adopting a proper casting method crucially affects the film coverage, thickness, precursor conversion, structure, and charge mobility and consequently the functionality of the whole device. The deposition approach in the present work is based on a sequential two-step technique (spin/spin or spin/dip) in a planar architecture. This method has been used in mesoporous structures as well \[[@CR16], [@CR27]--[@CR29]\]. The two-step deposition of perovskite layer from its precursors was first proposed by Burschk et al. \[[@CR27]\] for preparation of perovskite pigments embedded in mesoporous TiO~2~ film. It was found that the two-step sequential deposition allows efficient chemical conversion and a better control over the crystal size and morphology than is possible with single-step co-deposition of the precursors. Sequential deposition of perovskite precursors also prevents accelerated crystallization of perovskite as typically occurs in one-step co-deposition approach, improving reproducibility of the films and the performance of the cell \[[@CR27]\]. Burschk and co-workers also reported a different orientation of sequential deposition of lead halide crystals induced by anatase scaffold. However, depositing on a flat surface (as required for planar structure) showed a preferential orientation along the *c* axis. They realized that on a flat substrate, conversion of PbX~2~ (lead halide) to perovskite upon exposure to CH~3~NH~3~I (MAI) may be incomplete, as a large amount of unconverted lead halide was recognized in the XRD patterns.

The effect of solvent evaporation rate or solvent volatility on chemical conversion and crystallization of perovskites is another open question in this field. Barrows et al. \[[@CR21]\] employed nonvolatile (high boiling point) organic solvents to process the perovskite precursor solutions to delay the crystallization of spray-on perovskite films. They showed that using nonvolatile solvents, such as dimethylformamide (DMF) and dimethylsulfoxide (DMSO) can cause a large variation in the film local thickness, shrinkage, and dewetting due to prolonged drying times. They attempted to address the above-mentioned issues by spraying the solution onto a substrate held at an elevated temperature, followed by a thermal process to remove the excess solvent, organic, and halide materials. However, we believe that spraying on a hot substrate causes rapid drying of droplets individually, resulting in incomplete merging and the formation of pinholes on the ensuing spray-on thin film \[[@CR31]--[@CR33]\].

In pursuit for finding viable solutions to the above-mentioned drawbacks and given that the development of scalable techniques \[[@CR31]--[@CR36]\] is one of the main concerns for the future of the emerging PV industry, here we present a modified scalable spray-coating technique to fabricate perovskite thin films with high coverage and uniformity. We have recently developed several modified coating techniques, i.e., ultrasonic substrate vibration-assisted spray coating (SVASC) \[[@CR35]\], ultrasonic substrate vibration-assisted drop-casting (SVADC) \[[@CR32]\], and spin coating followed by substrate vibration post treatment (SVPT) \[[@CR37]\], by which imposing an ultrasonic vibration with controlled power and duration on the substrate can lead to the formation of a stable wet film and an intact and uniform thin solid film after drying. The energy imparted by an ultrasonic transducer, attached beneath the substrate, to the liquid droplets or a wet film improves substrate wetting and uniformity of the film. This energy also prevents sintering of precipitating crystallites which typically occurs due to the thermal effects or the high surface activity of ultra-fine crystals. Thus, in the current work, the concept of the imposed substrate vibration for controlling the film characteristics is applied on perovskite layers through a method termed here as the two-step sequential substrate vibration-assisted spray coating (2S-SVASC). As far as large-scale fabrication of perovskite solar cells is concerned, the modified spray method is fast, rather low-cost, and compatible with roll-to-roll fabrication process. This is in contrast to spin coating, which despite its success in the lab for the fabrication of uniform thin films, is essentially a bench-scale and batch process and cannot be scaled up. In the case of deposition of perovskites, it is expected that the ultrasonic substrate vibration would enhance the quality of the thin film through an improvement in droplet spreading and surface wetting, prohibition of the aggregation of crystallites, crystal growth with a symmetric orientation, acceleration in solvent evaporation from a stable wet film, and enhanced mass transfer and better mixing of perovskite reagents. The prepared perovskite thin films are incorporated into an inverted structure planar perovskite solar cell, in which PCBM and PEDOT:PSS are, respectively, utilized as ETM and HTM, and a single layer of Al serves as the back contact. Figure [1](#Fig1){ref-type="fig"} presents the schematic configuration of the fabricated device and details of the experimental setup. Surface morphology and coverage and chemical composition and functionality of the active layer and the PCE of the obtained devices using various methods are compared demonstrating the merit of the 2S-SVASC method.Fig. 1Schematic illustration of **a** adopted device architecture in this work (inverted planar heterojunction perovskite solar cell) and **b** the experimental procedure for the fabrication of perovskite layer using the 2S-SVASC method*.* In part (**b**), PbCl~2~ solution is sprayed first and then the MAI solution is sprayed atop the PbCl~2~ layer, using a second sprayer

Methods {#Sec2}
=======

The following reagents were purchased from Sigma-Aldrich, USA: DMF, ethanol, isopropyl-alcohol (IPA), chlorobenzene, DMSO, lead chloride powder, and PCBM. Methylammonium iodide (MAI) was purchased from Xi'an Polymer Light Technology, China. The high-conductive grade PEDOT:PSS in the form of 1.3 % aqueous solution was supplied by Heraeus, USA. Fluorine-doped tin oxide (FTO) conductive glass substrates (10 × 10 × 2 mm, 8 Ohm cm^−2^) were purchased from Shilpa Enterprises, India.

To prepare perovskite reagents, MAI was dissolved in IPA to obtain a solution with a concentration of 0.1 mg mL^−1^ and was heated to 70 °C before spraying onto the substrate. PbCl~2~ was dissolved in a 3:1 volume ratio of the mixture of DMSO and DMF. The resultant solution with a concentration of 0.26 mg mL^−1^ was then sonicated in a supersonic bath at 80 °C for several hours before spraying.

To prepare the PEDOT:PSS solution, IPA was added to the as-received PEDOT:PSS aqueous solution with the volume ratio of 3:1, respectively. The resultant mixture was sonicated for 1 h in ambient condition. The precursor solution was filtered by a 0.45-μm PTEF and then heated to 65 °C before spin casting. The FTO-coated glass substrates were cleaned in an ultrasonic bath by detergent, IPA, and deionized water, for 15 min, then dried in a vacuum furnace and cleaned in an ultraviolet cleaner for 15 min. The PCBM in chlorobenzene solution was prepared at concentration of 50 mg mL^−1^, stirred and heated overnight at 70 °C, and filtered through a 0.45-mm PTFE filter before casting.

For the fabrication of PEDOT:PSS thin film, a small amount of the precursor solution was placed on a clean FTO-coated glass dropwise and spun at 3000 rpm for 30 s. Before post heat treatment, the as-spun wet film was cured on an ultrasonically vibrating transducer (DMHCN-150105-A02, Clangsonic, China) at ultrasonic power of 5 W and frequency of 40 kHz for 15 s, based on the substrate vibration-assisted post treatment method (SVPT) \[[@CR37]\]. The spun/post-vibrated PEDOT:PSS thin films were then annealed on a hot plate at 120 °C for 35 min. Both precursor and substrate were heated to 70 °C before being subjected to spin casting. Table [1](#Tab1){ref-type="table"} shows the effect of substrate vibration on spun-on PEDOT:PSS films to be discussed later.Table 1Characteristics of PEDOT:PSS buffer layers prepared by regular spin coating and spin coating followed by substrate vibration post treatment (SVPT)Sample no.Vibration power (W)Roughness (nm)Thickness (nm)Coverage (%)Conductivity (S/cm)1521459656520701406882.5

The mixed-halide perovskite active layer (CH~3~NH~3~PbI~3−*x*~Cl~*x*~) was made atop the spun-on PEDOT:PSS layer using the 2S-SVASC method as explained in the introduction and depicted in Fig. [1](#Fig1){ref-type="fig"}. The core of this experimental set up is a spray-coating machine (Holmarc, Opto-Mechatronics Pvt. Ltd., Model HO-TH-04, India), equipped with two syringe pumps connected to capillary tubes for injection of precursor solutions using air-assist atomization. The atomizing gas at a pressure of 0.3 MPa was provided by an oil-free air-compressor. To fabricate the active layer thin film, mixed-halide perovskite, PbCl~2~, and MAI solutions were pre-loaded into the syringe pumps and injected sequentially through capillaries (0.6-mm ID). The same ultrasonic transducer used for post treatment of spun-on PEDOT:PSS was employed as the substrate holder and the ultrasonic vibration provider during the spray-coating process. The temperature of the syringe pumps and the surface of ultrasonic transducer were both controlled by a temperature controller. The speed and distance of nozzle tip to the substrate, the flow rate of each solution, the time interval between two sprays, and the process duration were controlled by software. The operating conditions and some characteristics of perovskite films made by 2S-SVASC method are listed in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}. The process variables listed in the tables have been determined to provide a 3:1 molar ratio of MAI to PbCl~2~ reagents.Table 2Operating conditions and characteristics of perovskite films fabricated by single-step and sequential 2S-SVASC spray methodsRunTIS (min)Substrate temp. (°C)Vibration power (W)Roughness (nm)Surface coverage (%)10.177052306125705190543157051305940.1712052507255120561916151205529671512004205381512010240319^m^\*--12001703510^m^\*--12056682\*One-step (co-deposition) spraying; TIS it the time internal between sequential spraysTable 3Operating conditions of spraying steps used for the fabrication of perovskite thin films by 2S-SVASCReagentSolventNozzle tip speed (mm/s)No. of spray passesSpray flow rate (μL/min)Concentration (g/mL)PbCl~2~DMSO/DMF (vol. ratio: 3/1)5012000.26MAIIPA524000.01

In order to elucidate the importance of the sequential spraying, we performed two experimental runs (9^m^ and 10^m^) based on the conventional one-step spraying, with and without imposed ultrasonic vibration on the substrate. In this case, the reagent solutions (MAI in IPA and PbCl~2~ in DMSO + DMF, at a 3:1 ratio of MAI to PbCl~2~) were mixed at 70 °C and filtrated through a 30-μm PTFE filter under nitrogen atmosphere in a glovebox. The filtrate was loaded into a syringe pump and sprayed onto the substrate, while the substrate and solution were both kept at a 70 °C. The structural characteristics and performance of the prepared thin films were compared with the perovskite thin films prepared via the 2S-SVASC method. As mentioned earlier, a 3:1 volume ratio of DMSO/DMF was used to prepare the lead halide precursor. DMSO makes a strong coordination with PbCl~2~ owing to its --O-- groups. A good coordination between the solvent and solute causes a uniform deposition and high surface coverage \[[@CR20]\]. However, complete removal of DMSO needs prolonged annealing times at elevated temperatures, making the perovskite susceptible to decomposition. On the other hand, interaction between DMSO and PbCl~2~ causes retarded deposition due to formation of strong DMSO--Pb-- complexes \[[@CR22]\]. Using pure DMF also leads to a very fast chemical reaction in a few seconds after contact between reagents has been made. This immediate conversion results in rapid and irregular crystallization and unfavorable chemical conversion, coverage, and morphology. Addition of DMF to DMSO optimizes the reaction between precursors and solvent volatility and evaporation rate. We examined different ratios of DMSO/DMF. It was observed that for the conditions of these experiments, the best film quality and coverage is achieved when a 3:1 volume ratio of DMSO/DMF is employed as the solvent for PbCl~2~.

PCBM precursor was spray-deposited atop the glass/FTO/PEDOT:PSS/perovskite stacked films placed on an ultrasonic transducer, working at 5 W vibration power, at 80 °C. The PCBM precursor solution was loaded into a syringe and sprayed through a 0.8-mm capillary, while the nozzle tip was kept at a 4-cm distance from the substrate. The as-sprayed PCBM thin film was then annealed at 70 °C for 90 min on an electrical pan under the N~2~ atmosphere in a glovebox. A 100-nm back contact (Al) was thermally evaporated outside of the glovebox. Devices were finally covered by UV-cleaned bare glasses (1 cm × 1 cm × 1 mm) and sealed by UV-epoxy paste before the current-voltage characterization.

Scanning electron microscopy (SEM, Hitachi, Model S-3400N, Japan) was used to study the surface and cross-sectional morphology of the fabricated thin films and device. Surface profiles, 2D and 3D images, and the thickness of thin films were obtained by a confocal laser scanning microscope (CLSM, Zeiss, model LMS700, Germany). The optical mode of this machine was utilized to observe the surface topography. Electrical conductivity of spun-on PEDOT:PSS films was measured via the 4-point probe measurement technique, along a 16-mm straight line on each sample. Light absorbance of perovskite and transmittance of PEDOT:PSS films were measured by a UV-visible absorption/transmission instrument (Shimadzu UV-3101PC UV-Vis-NIR spectrophotometer). The device current-voltage curves and PCE were obtained by Labview software and a source meter (National Instruments, model NI PXI-1033, TX, USA). Coverage values were measured visually through a simple color contrast difference analysis, using ImageJ-1.49 software. The device incident photon-to-charge carrier efficiency (IPCE) spectra were obtained by a quantum efficiency measurement system (QEPVSI-b, Newport, USA), showing the external quantum efficiency (EQE) of the device.

Results and Discussion {#Sec3}
======================

Table [1](#Tab1){ref-type="table"} lists the characteristics, and Fig. [2](#Fig2){ref-type="fig"} shows topography of PEDOT: PSS films, prepared by spin coating followed by ultrasonic substrate vibration post treatment (SVPT) \[[@CR37]\] and regular spin coating. The surface quality and the electrical properties are significantly improved when a spun wet film is treated by ultrasonic vibration using SVPT. Table [1](#Tab1){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"} show that the SVPT significantly enhances the film conductivity, surface coverage, and film uniformity (fewer pinholes). The effect of the imposed substrate vibration on the nanostructure of spun-on PEDOT:PSS thin films has been studied in detail in our previous work \[[@CR37]\]. In brief, imposed vibration results in the detachment of conducting PEDOT from insulator PSS and realignment of PEDOT chains, making a continuous conducting network, thus improving conductivity. Also, under controlled conditions, imposing low power vibration can promote mixing and stability of the film \[[@CR36]\]. Increased evaporation as a result of vibration can also cure the film faster and before pinholes formation.Fig. 2SEM images of PEDOT: PSS thin films, prepared by spin coating: **a** as-spun wet film vibrated on an ultrasonic transducer, using the SVPT method, operating at 5 W for 15 s, before thermal processing. **b** The wet film was dried and cured naturally. The wet films were subjected to heat treatment at 120 °C for 35 min

Figure [3](#Fig3){ref-type="fig"} illustrates the UV-Vis transmission spectra of FTO-coated glass, and PEDOT:PSS thin films fabricated on FTO-coated glass by spin coating followed by SVPT and by regular spin coating. It is observed that the SVPT improves the light transmission and transparency of PEDOT:PSS thin film. This improvement in transparency is due to a better uniformity and a thinner and smoother film formed (c.f. Table [1](#Tab1){ref-type="table"}) resulting in better light transmission, making the film suitable to be utilized as the HTM in planar perovskite solar cells, fabricated in this work.Fig. 3UV-Vis transmission spectra of *(a)* FTO-coated glass, *(b)* PEDOT: PSS thin film fabricated on FTO-coated glass by spin coating followed by substrate vibration post treatment (SVPT), and *(c)* PEDOT: PSS thin film fabricated on FTO-coated glass by regular spin coating

In the process of the fabrication of perovskite solar cells, the perovskite active layer is made by spray coating atop the spun-on PEDOT:PSS film (c.f. Fig. [1](#Fig1){ref-type="fig"}). Figure [4](#Fig4){ref-type="fig"} displays a series of optical and SEM images of the perovskite layers showing the effect of the substrate temperature and time interval between two spraying stages (TIS) of the perovskite precursors on topography of the perovskite films, while the other process parameters are kept constant (runs 1--6 of Table [2](#Tab2){ref-type="table"}). According to the surface topography and morphology images (Fig. [4](#Fig4){ref-type="fig"}) and the roughness data in Table [2](#Tab2){ref-type="table"}, the coverage, morphology, and quality of perovskite thin films are substantially affected by the substrate temperature and the TIS. The effects of the substrate temperature on the film structure of spray-on PEDOT: PSS films were investigated in our previous reports \[[@CR33], [@CR35], [@CR36]\], where it was inferred that spraying on a high temperature substrate results in the formation of numerous defects and pinholes on the PEDOT:PSS film due to the fast evaporation, bubble formation, and poor droplet spreading and coalescence. Therefore, the two-step sequential substrate vibration-assisted spray coating (2S-SVASC) was employed for the fabrication of perovskite films to suppress the above-mentioned drawbacks. As illustrated in Fig. [4](#Fig4){ref-type="fig"}, spraying onto a low temperature substrate (70 °C) results in irregularities in the film with multiple domains or features (Fig. [4a](#Fig4){ref-type="fig"}), changing to a ribbon- or filament-like structure (Fig. [4b, c](#Fig4){ref-type="fig"}), with increasing TIS. Sequential spraying on a high temperature substrate (120 °C) leads to spiky and grainy features uniformly distributed, where increasing the TIS leads to decreasing the size and increasing the density of the grains (Fig. [4d--f](#Fig4){ref-type="fig"}). In most cases (except for TIS = 0.17 min), the roughness of the spray-on perovskite films is higher at the low substrate temperature of 70 °C, compared to that of the high substrate temperature of 120 °C. The large roughness can be attributed to the ribbon- or filament-like features. Such crystallites present colorless or pale yellow color, a signature of monohydrated and di-hydrated perovskite phases \[[@CR38], [@CR39]\]. In the following, we explain the effect of the hydration on perovskite morphology and crystal growth and the effect of the substrate temperature on this phenomenon. Incorporation of water into the perovskite lattice results in disordering of 3D networks to 1D (needle-type) and 0D (amorphous) features. We suggest a series of chemical reactions for the hydration of a mixed-halide (halide = Cl and I) perovskite as follows:Fig. 4Effect of the substrate temperature and the time interval between sprays (TIS) on the perovskite film topography: CLSM (*top rows*) and SEM (*bottom rows*) images of the perovskite thin films prepared by the 2S-SVASC technique (runs 1--6). Images (**a**), (**b**), and (**c**) correspond to the films fabricated at substrate temperature of 70 ºC, and (**d**), (**e**), and (**f**) correspond to the films fabricated at substrate temperature of 120 ºC$$\documentclass[12pt]{minimal}
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A hydrated perovskite specimen may contain both mono- and di-hydrated phases, as well as some decomposed parts that contain PbI~2~ \[[@CR38], [@CR39]\]. It has been shown that the irreversible perovskite decomposition to PbI~2~ can only happen by water condensation on perovskite surface, resulted from a temperature difference between the film surface and the humid air \[[@CR38]\]. In the current work, the substrate temperature is much higher than the ambient temperature. It is therefore assumed that condensation never occurs during deposition, but partial condensation may take place during the sample analysis. The H~2~O produced in di-hydration reaction (R1) may transform the remaining perovskite phase. Irreversible decomposition can also occur without the requirement for the excess water when $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\left({\mathsf{CH}}_{\mathsf{3}\ }{\mathsf{NH}}_{\mathsf{3}}\right)}_{\mathsf{4}}{\mathsf{PbI}}_{\mathsf{6}-\mathsf{2}x}{\mathsf{Cl}}_{\mathsf{2}x}.\mathsf{2}{\mathsf{H}}_{\mathsf{2}}\mathsf{O} $$\end{document}$ is exposed to light \[[@CR38], [@CR39]\]. On the basis of this simple theory, we can recognize that the thin film made at run 1 has undergone a complete hydration path based on reactions R1 and R2, leaving different (rod-like, grainy, and amorphous) regions on the surface, while in thin films formed at runs 2--3, the monohydrated phase occupies a bigger part. This interesting evolution resulted from the effect of different TISs. We reiterate that in our sequential method, the PbCl~2~ precursor solution is sprayed in the first step and the MAI solution is sprayed in the second step. Contribution of TIS to the hydration process can be elucidated as follows: a longer TIS allows more depletion of DMSO/DMF from PbCl~2~ precursor solution. Both DMSO and DMF are strongly polar, increasing the surface activity and tendency for water absorption. On the other hand, a different feature and trend is observed when the substrate is kept at 120 °C (runs 4--6). The films are seemingly composed of grainy or spiky crystallites, whose size and density significantly changes by the TIS. We assume that the thin films deposited on high temperature substrates have experienced a reversible hydration, but the absorbed H~2~O is removed instantly, due to the very high substrate temperature (120 °C). On the other hand, the hydration is an exothermic (thermo-phobic) reaction which can be suppressed in high temperature conditions. It is, therefore, proposed that the perovskite thin films deposited on a hot substrate are relatively stable against hydration during the deposition process. The change in density and crystal size due to a change in the TIS can be again due to the effect of the solvent content. As mentioned above, a longer TIS (especially with high temperature substrate) results in less DMSO/DMF and more IPA in the wet precursors on the substrate and therefore a decrease in the normal boiling point and an increase in wettability \[[@CR36]\]. Reduction of the normal boiling point of the solvents causes faster and more uniform crystallization, while better wettability favors droplet spreading and coalescence and surface coverage, consequently \[[@CR22], [@CR40]\]. It is worth mentioning that unlike the literature reports, we recognized that no crystal sintering occurs at high temperature deposition. We ascribe this advantage to the imposed ultrasonic vibration prohibiting crystals aggregation \[[@CR32], [@CR35]\].

In sequential deposition, the form and quality of the precursor PbCl~2~ thin film strikingly determines the final form and quality of the perovskite thin film. Burschk et al. \[[@CR27]\] showed that in an attentively controlled sequential deposition of precursors, the final perovskite crystals will be similar to those of the first deposited precursor, lead halide (PbX~2~). This preserving of size and morphology is only accessible with sequential deposition into a porous template, such as mesoporous TiO~2~. But in a flat substrate, as in the planar architecture, the deposited PbCl~2~ acts as a template as well as a reagent for the formation of perovskite. We observed that a smaller, denser, and more uniform PbCl~2~ thin film helps the creation of a more uniform, smooth, and intact perovskite thin film. Following the above discussion on the importance of the morphology of the PbCl~2~ film on the final morphology of the perovskite film, we studied the structure of PbCl~2~ thin films sprayed on an ultrasonically vibrating substrate in Fig. [5](#Fig5){ref-type="fig"} and its relation to the characteristics of the perovskite films. The PbCl~2~ thin films shown in Fig. [5](#Fig5){ref-type="fig"} were made by spraying the PbCl~2~ precursor, while the substrate was kept at 70 °C (Fig. [5a](#Fig5){ref-type="fig"}) and 120 °C (Fig. [5b](#Fig5){ref-type="fig"}). Each sample was annealed for 15 min at the same temperature as that of the substrate in order to simulate the formation of PbCl~2~ layer of perovskite films in runs 3 and 6, respectively. The PbCl~2~ deposited on low temperature substrate (Fig. [5a](#Fig5){ref-type="fig"}) experiences a prolonged solvent evaporation, thus promoting crystal growth and aggregation \[[@CR22], [@CR40]\]. The 1D orientation of crystal growth in Fig. [5](#Fig5){ref-type="fig"}a is perhaps due to the dissociation of interlinked Cl--Pb--Cl planes by imposed ultrasonic vibration. Deposition of PbCl~2~ on the high temperature substrate (Fig. [5b](#Fig5){ref-type="fig"}), on the other hand, occurs following an accelerated evaporation, rapid nucleation, and a fast crystal growth, creating small size and narrow distributed crystallites \[[@CR22], [@CR40]\]. High surface coverage and low roughness are achieved owing to imposed ultrasonic vibration during nucleation and crystal growth.Fig. 5CLSM images of spray-on PbCl~2~ thin films made on ultrasonically vibrating substrates kept at **a** 70 °C and **b** 120 °C. The samples were annealed at the same temperature as the substrate temperature for 15 min. In (**a**), roughness = 159 nm and coverage = 46 %, and in (**b**), roughness = 55 nm and coverage = 68 %. The fabrication conditions of PbCl~2~ films are the same as those of runs (1--3) for (**a**) and runs (4--6) for (**b**), and TIS is irrelevant in this case. At 70 °C, PbCl~2~ film has a rode-like topography; therefore, the perovskite film made at this temperature is also rode-like, while at 120 °C, the PbCl~2~ film is grainy and so is the ensuing perovskite film (c.f. Fig. [4](#Fig4){ref-type="fig"})

Having discussed the formation of the PbCl~2~ films (Fig. [5](#Fig5){ref-type="fig"}), its effect on the ensuing perovskite films (Fig. [4](#Fig4){ref-type="fig"}) may be rationalized as follows: the main driving force for initiation of the perovskite formation reaction is the difference between the bulk lattice energies of the two reagents, i.e., PbCl~2~ and MAI. The PbCl~2~ crystal lattice serves as a template for the formation of the target compound, i.e., perovskite \[[@CR38], [@CR39]\]. The sprayed MAI (NH~3~CH~3~^+^) on PbCl~2~ is likely to be shaped by the large matrix of PbCl~2~ consisting of repeating Cl--Pb--Cl planes. The configuration of the organic cations between these layers is controlled by the strong inter-layer chemical bonding and the weak van der Waals forces between them. This scenario is well consistent with the condition of runs 2 and 3 and particularly with the condition of runs 5 and 6, in which PbCl~2~ crystals are completely formed (long TIS) before the MAI solution is sprayed atop. The absence of voids in the perovskite films in runs 5 and 6, compared to the precursor PbCl~2~ thin film, implies reorganization of PbCl~2~ and MAI due to the intensive diffusion during the film growth \[[@CR5]\].

The main advantage of our 2S-SVASC deposition approach compared with the state-of-the-art methods for deposition of perovskite films is the application of the imposed ultrasonic vibration on the substrate and its combination with spray coating, which makes it a controllable scalable method. To study the effect of power (amplitude) of the imposed vibration, Fig. [6](#Fig6){ref-type="fig"} presents the topography and morphology of perovskite thin films prepared in runs 6, 7, and 8. In Fig. [6a](#Fig6){ref-type="fig"}, the concentric circles grown on a rough surface illustrate impinging and drying of individual droplets on a non-vibrating or stationary substrate, indicating poor droplet merging, lack of the formation of an intact film, and insufficient contact between the two precursors. In Fig. [6c](#Fig6){ref-type="fig"}, outspread crystal growth implies the rupture of precursor wet film by intensive vibration (10 W), while in run 6 (Fig. [6b](#Fig6){ref-type="fig"}) with the same condition, a mild vibration power (5 W) results in uniform crystal size distribution and high surface coverage as discussed before. These results suggest that in a given frequency, there is a threshold vibration power beyond which the ultrasonic vibration causes film rupture and dewetting. This threshold depends on the physical and interfacial properties of the precursor solution \[[@CR36]\] and needs to be addressed for each individual system.Fig. 6CLSM images (*above*) and SEM images (*below*) of perovskite thin films prepared by **a** sequential spray coating on stationery substrate (run 7), **b** 2S-SVASC at a power of 5 W (run 6), **c** 2S-SVASC at a power of 10 W (run 8), **d** co-spray-on stationary substrate (run 9^m^), and (**e**) co-spray-on a vibrating substrate (run 10^m^). Run 9^m^ has been performed by co-spray using the conditions of run 7, performed by sequential sprays, and run 10^m^ has been performed by co-spray, using the conditions of run 6, performed by sequential sprays. The background small grain film detected in SEM images is PEDOT: PSS

In order to examine the merit of the two-step sequential method, in which two perovskite precursors are sequentially sprayed, perovskite films were also fabricated by one-step co-spray deposition of a mixture of the two precursor solutions on stationary (run 9^m^) and vibrating substrates (run 10^m^). Figure [6](#Fig6){ref-type="fig"}d shows that a rough, non-uniform perovskite layer with poor coverage is formed by the co-spray method on a stationary substrate (run 9^m^), somewhat similar to its sequentially made counterpart (run 7 of Fig. [4](#Fig4){ref-type="fig"}), although the coverage of run 7 is higher. When the substrate is vibrated (Fig. [6e](#Fig6){ref-type="fig"}), the film characteristics are improved, and the film resembles its sequentially fabricated counterpart (run 6), although the coverage of co-sprayed sample (c.f. SEM of run 10^m^) is lower than the sample sequentially sprayed (c.f. SEM of run 6). This is because in co-spraying approach, due to the strong interaction between DMSO and IPA, the reagents partially precipitate upon mixing. This early crystallization disturbs the balance of molar ratio between PbCl~2~ and MAI reagents in the liquid phase. Therefore, the precursor solution after mixing consists of a sintered solid phase and a dilute liquid phase, which should be essentially filtrated before spraying. The resultant filtrate will be a dilute bright yellow solution, leaving behind a thin layer with low coverage due to the lack of sufficient reagents. Therefore, a combination of sequential spraying and substrate vibration through the 2S-SVASC renders the best perovskite film characteristics.

Figure [7](#Fig7){ref-type="fig"} depicts the XRD crystallography patterns of selected films (runs 3, 5, 6, and 10^m^) showing the peaks of PbCl~2~ and their corresponding perovskite thin films. The reference graphs were adopted from the literature \[[@CR21], [@CR25], [@CR38], [@CR41], [@CR42]\]. The XRD patterns of PbCl~2~ consist of two sharp peaks superimposed on a broad scattering background related to the underneath PEDOT:PSS film. Comparing with the literature, the best perovskite thin films were obtained in runs 5 and 6 (Fig. [7a, b](#Fig7){ref-type="fig"}) with major peaks at 14.2° (110), 28.4° (220), and 43.8° (330), indicating the tetragonal structure of CH~3~NH~3~PbI~3−*x*~Cl~*x*~ \[[@CR21], [@CR25], [@CR38]\]. The narrow peaks suggest that the film has a long range crystalline domain (higher than 200 nm) \[[@CR38]\], highly oriented in the a-axis. In contrast to the single-halide structure, this iodide-chloride mixed formulation is rather stable, and, therefore, amenable with ambient processing. The absence of the PbCl~2~ peaks in perovskite patterns implies a complete transformation of PbCl~2~ precursor, and the absence of typical signals of PbI~2~ at 12.6° indicates that the perovskite film is not irreversibly degraded. The other extra peaks in the perovskite XRD patterns are related to the excess MAI. Note that according to Burschk et al. \[[@CR27]\], the perovskite film sequentially deposited by spin/dip coating on flat substrates shows a large amount of the precursor lead-halide, indicating incomplete chemical reaction of perovskite precursors. Therefore, the remarkable precursor conversion achieved in this work is attributed to the combined contribution of the imposed substrate vibration and the two-step sequential spray coating. We predict a simple scenario for this significant improvement. For a continued chemical transformation of precursors at the interface of already formed perovskite CH~3~NH~3~PbI~3−*x*~Cl~*x*~ and the existing PbCl~2~ film, where there is no van der Waals gap, a rather long and effective contact time and proper mixing is required \[[@CR21], [@CR25], [@CR27], [@CR41]\], which is not fully compatible with the regular sequential methods like spin/spin and spin/dip coating. In 2S-SVASC method, the lack of sufficient mixing and contact between the precursors is compensated by the imposed ultrasonic vibration, which acts as a kinematic driving force for mixing. Figure [8](#Fig8){ref-type="fig"}c exhibits the crystallography patterns of perovskite thin film obtained by the 2S-SVASC on low temperature substrate (70 °C, run 3). The XRD patterns enable to identify the hydrated and unreacted areas as described earlier. The reflections between 8.4°--10.7° correspond to the monohydrated phase \[[@CR38]\]. The short peak at 11.4° verifies the existence of di-hydrated phase, initiating the decomposition process according to reaction R2. The presence of the PbI~2~ signal at 12.6° in the perovskite film indicates partial decomposition and the other peaks reflect the existence of PbCl~2~ and MAI, implying an incomplete chemical conversion. It is, therefore, deduced that a perovskite thin film deposited on low temperature substrate is vulnerable against humidity and O~2~. It can be deduced that in 2S-SVASC technique, the substrate temperature should be kept as high as possible to accelerate the chemical conversion and prevent reaction with H~2~O. The XRD patterns in Fig. [7d](#Fig7){ref-type="fig"} correspond to the thin film co-sprayed on a vibrating substrate (run 10^m^). Typical CH~3~NH~3~PbI~3−*x*~Cl~*x*~ peaks are clearly recognized. Appearing of PbCl~2~ and MAI peaks suggests an uncompleted reaction and a small peak at 12.6° (PbI~2~) is an indicative of partial decomposition. The slow chemical conversion in co-spray method may be due to the early precipitation upon mixing of precursors and losing the molar balance between the reagents.Fig. 7X-ray diffraction spectra of PbCl~2~ (before deposition of MAI precursor) and perovskite thin films prepared at selected runs as listed in Table [2](#Tab2){ref-type="table"}: **a** run 5, **b** run 6, **c** run 3, and **d** run 10^m^Fig. 8*(1)* Light absorbance of perovskite thin films prepared at: *(a)* run 6, *(b)* run 5, *(c)* run 10^m^, *(d)* run 3, and *(e)* PbCl~2~ thin film sprayed on a vibrating substrate, at substrate temperature = 120 °C. *(2)* Current density-voltage curves of planar perovskite solar cells, where the perovskite layer is fabricated at conditions of *(a)* run 6, *(b)* run 5, and *(c)* run 10^m^

The differences in the properties and structures of perovskite thin films fabricated under various conditions are further investigated by light absorbance spectra, presented in Fig. [8(1)](#Fig8){ref-type="fig"} and IV curves are shown in Fig. [8(2)](#Fig8){ref-type="fig"}. Three champion samples (prepared in runs 5, 6, and 10^m^) as well as a failed sample (run 3) and a PbCl~2~ sample (deposited on high temperature vibrating substrate) were characterized by UV-Vis spectrometer. Absorbance spectra for the optimized samples (fabricated in runs 5 and 6) demonstrate suitable light absorbing potentials over the visible to near IR wavelengths. Photocurrent generation starts at 780 nm, in accordance with the bandgap of the CH~3~NH~3~PbI~3~Cl~3−*x*~ and reaches peak values of ∼85 % in the visible range \[[@CR9], [@CR43], [@CR44]\]. A slight difference in absorbance of samples prepared at runs 5 and 6 (Fig. [8(1(a), (b)))](#Fig8){ref-type="fig"} are in well accordance with our previous observations. In fact, a higher coverage, less roughness, and higher uniformity of crystalline lattice leads to better light scattering and improves the wavelength response \[[@CR25], [@CR29], [@CR40]\]. The next absorbance intensity is demonstrated by the sample fabricated under substrate vibration-assisted co-spraying (run 10^m^, Fig. [8(1(c)))](#Fig8){ref-type="fig"}. The relative drop of light absorbing performance might be due to the lower surface coverage and low thickness, mitigating the light absorption function. It should be noted that the dilute precursor in co-spray method leaves an ultra-thin layer with a poor photo-absorption behavior. The blue shifted onset also reflects defective surface or heterogeneous crystalline structure, consistent with previous topography, crystallography and morphology evaluations. Photo absorbance spectra of the sample prepared at run 3 (Fig. [8(1(d)))](#Fig8){ref-type="fig"} displays a sharp drop toward green range indicating the presence of either PbI~2~ or PbCl~2~ \[[@CR29]\]. Nonetheless, a higher photo-absorption response for the sample of run 3 compared to that of the pure PbCl~2~ (Fig. [8(1(e)))](#Fig8){ref-type="fig"} indicates a partial conversion of precursor solutions to perovskite, followed by hydration and then degradation under ambient conditions \[[@CR14]\]. Also, a drastic reduction in light absorbance in sample of run 3 compared to the other samples is the signature of surface ruptures and low coverage, as discussed earlier.

Having optimized the fabrication of the perovskite layer, a series of devices were prepared by spray deposition of PCBM atop the active layer, and thermal evaporation deposition of Al, as the back contact. In all cases, the device active area is greater than 0.3 cm^2^. Figure [8(2)](#Fig8){ref-type="fig"} presents the current density-voltage (*J*-*V*) characteristics of the fabricated planar devices employing the thin films prepared at runs 5, 6, and 10^m^. *J*-*V* curves were obtained in the range from forward (+1 V) to reverse (−1 V) bias, under AM1.5G solar irradiation with intensity of 1000 W m^−2^. Performance parameters are presented in Table [4](#Tab4){ref-type="table"}. The maximum film coverage, minimum roughness, and the most uniform morphology was achieved by the perovskite thin film obtained at run 6; as a result, the device made based on the perovskite film of run 6 showed the highest PCE of 5.08 %. The average perovskite film thickness for this device was determined to be 460 ± 10 nm, creating a balance between the charge diffusion length, surface coverage, and the rate of recombination \[[@CR42]\]. The relatively uniform and dense crystalline structure of perovskite in this optimized sample enhances charge generation efficiency and consequently results in better diode-like behavior of the device. In addition, an intact, smooth, and uniform perovskite layer enables sufficient adhesion with HTM and ETM, and less charge transfer resistance at the interfaces \[[@CR16], [@CR18], [@CR20], [@CR43]\]. For the mixed-halide planar structures, higher performance has been reached with smaller thickness of active layer close to 390 nm \[[@CR44]\]. We infer that the over-growth of nanocrystals typically occurs in sequential spray, which requires further controlling over the process parameters. The relatively high fill factor attained by this sample might be originated from the better surface uniformity and crystalline morphology of the active layer compared to the other samples. The high short-circuit current (Fig. [8(2(a)))](#Fig8){ref-type="fig"} compared to the other samples unveils that the device benefits from a longer lifetime and more efficient transport of charge carriers in the CH~3~NH~3~PbI~3−*x*~Cl~*x*~ planar junction. The second device fabricated using the sample of run 5, generated PCE of 3.54 %. The average thickness of this sample was measured to be 590 ± 10 nm. The performance drop with respect to the first case is attributed to the wider size distribution of the nanocrystals, resulting in further recombination, insufficient charge transport through the active layer, and lower short-circuit current and fill factor, consequently. For the sake of comparison, a device was also fabricated incorporating the co-sprayed perovskite film based on run 10^m^ (substrate vibration-assisted co-spray). The average thickness of this perovskite thin film was determined to be 230 ± 10 nm. The device performance is significantly inferior to that of the devices made using the optimized perovskite thin films (runs 5 and 6 made by 2S-SVASC technique), as a result of a decreased short circuit current and open circuit voltage. Back to the topography image of run 10^m^ (c.f. Fig. [6b](#Fig6){ref-type="fig"}), isolation of perovskite crystals impede the charge carrier injection to the conductive layers, thus increasing the charge recombination. The small voids on the surface result in short circuits between the electrodes, decreased shunt resistance, and reduced device PCE. The considerable drop in *Jsc* of the co-sprayed device (run 10^m^) is perhaps due to the low thickness of the active layer and consequently the short diffusion length and poor photon harvesting efficiency \[[@CR1], [@CR19], [@CR21], [@CR22], [@CR44], [@CR45]\]. The optimization of the substrate vibration-assisted co-spray process is currently under further investigation, due to its simplicity and compatibility with large-scale fabrication of solution-processed solar cells. Figure [9](#Fig9){ref-type="fig"} displays the SEM image of the cross section of a typical device, showing the smoothness, uniformity, and good contact between the stacked layers.Table 4Performance parameters of the solar cells derived from *J*-*V* curves obtained in the range from forward (+1 V) to reverse (−1 V) bias, under AM1.5G solar irradiation with intensity of 1000 W m^−2^Active layer*V* ~oc~ (v)*J* ~sc~ (mA/cm^2^)Fill factor (%)PCE (%)Run 60.7414.26525.08Run 50.699.93463.54Run 10^m^0.654.77422.34Fig. 9Cross sectional SEM image taken across the cleaved edge of a planar glass/FTO/PEDOT:PSS/CH~3~NH~3~I~3−*x*~Cl~*x*~/PCBM/Al device fabricated by the 2S-SVASC method

The incident photon to current efficiency (IPCE) of the representative devices in the form of the external quantum efficiency (EQE) are shown in Fig. [10](#Fig10){ref-type="fig"}. The IPCE demonstrates the potential of charge generation in active layer as well as indicates the charge transport, charge collection, and mechanism of charge loss from the active layer toward the electrodes \[[@CR29], [@CR43]--[@CR47]\]. The champion device shows the maximum IPCE (Fig. [10a](#Fig10){ref-type="fig"}) of 40--50 % in a wide range of wavelengths (340--790 nm). The rather low IPCE in this simple cell structure compared to the state-of-the-art devices, e.g., \[[@CR21]\], may be due to the imperfect structure of spray-deposited PCBM, leading to insufficient charge collection at the electrode/ETM and perovskite/ETM interfaces. It is also worth noting that the similar inverted structures with Al electrode incorporate an ultra-thin layer of Ca below Al to overcome the work function mismatch at the PCBM/metal contact junction \[[@CR21], [@CR43]--[@CR47]\]. Application of Ca, however, imposes extra fabrication costs and is not compatible with large-scale fabrication of solar cells. In this work, Ca layer was eliminated due to difficulties associated with thermal evaporation of corrosive Ca outside of glovebox. Inclusion of Ca and detailed optimization of PCBM thickness \[[@CR48]\] could further increase the device efficiency, topics which are currently under investigation but are beyond the scope of this fundamental work, which aimed to develop a scalable method for the fabrication of the active layer.Fig. 10Incident photon to current efficiency (IPCE) in the form of external quantum efficiency (EQE) of the perovskite solar devices, where the active layers are fabricated at conditions of *(a)* run 6, *(b)* run 5, and *(c)* run 10^m^

Conclusions {#Sec4}
===========

Optimized mixed-halide perovskite layers were successfully fabricated using a novel scalable technique termed as two-step sequential substrate vibration-assisted spray coating (2S-SVASC). The perovskite layers were further embedded in a simple inverted planar heterojunction solar cell device structure to examine and demonstrate the effectiveness of the developed scalable fabrication technique. The optimization process revealed that the performance of the perovskite films prepared by the 2S-SVASC method strongly depends on the substrate temperature, substrate vibration power, and time interval between the two sequential sprays delivering the perovskite precursors to the substrate. In the optimized experimental conditions (run 6, substrate temperature = 120 °C, substrate vibration power = 5 W, and the time interval between spraying perovskite precursors = 15 min), the application of the 2S-SVASC guarantees the formation of a perovskite film with minimum density of pinholes, almost 100 % surface coverage and sufficient chemical conversion of perovskite precursors to perovskite crystals, resulting in a device power conversion efficiency of 5.08 % for a device with active area of larger than 0.3 cm^2^. Given that a simple planar structure was employed here and the optimization process was only performed on the active layer, we believe that further tuning of the developed process will allow for obtaining a higher PCE, using a commercially scalable, fast, and low-cost technique, i.e., spray coating.
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